The S4 transmembrane segments of voltage-gated ion channels move outward on depolarization, initiating a conformational change that opens the pore, but the mechanism of S4 movement is unresolved. One structural model predicts sequential formation of ion pairs between the S4 gating charges and negative charges in neighboring S2 and S3 transmembrane segments during gating. Here, we show that paired cysteine substitutions for the third gating charge (R3) in S4 and D60 in S2 of the bacterial sodium channel NaChBac form a disulfide bond during activation, thus ''locking'' the S4 segment and inducing slow inactivation of the channel. Disulfide locking closely followed the kinetics and voltage dependence of activation and was reversed by hyperpolarization. Activation of D60C:R3C channels is favored compared with single cysteine mutants, and mutant cycle analysis revealed strong free-energy coupling between these residues, further supporting interaction of R3 and D60 during gating. Our results demonstrate voltage-dependent formation of an ion pair during activation of the voltage sensor in real time and suggest that this interaction catalyzes S4 movement and channel activation.
The S4 transmembrane segments of voltage-gated ion channels move outward on depolarization, initiating a conformational change that opens the pore, but the mechanism of S4 movement is unresolved. One structural model predicts sequential formation of ion pairs between the S4 gating charges and negative charges in neighboring S2 and S3 transmembrane segments during gating. Here, we show that paired cysteine substitutions for the third gating charge (R3) in S4 and D60 in S2 of the bacterial sodium channel NaChBac form a disulfide bond during activation, thus ''locking'' the S4 segment and inducing slow inactivation of the channel. Disulfide locking closely followed the kinetics and voltage dependence of activation and was reversed by hyperpolarization. Activation of D60C:R3C channels is favored compared with single cysteine mutants, and mutant cycle analysis revealed strong free-energy coupling between these residues, further supporting interaction of R3 and D60 during gating. Our results demonstrate voltage-dependent formation of an ion pair during activation of the voltage sensor in real time and suggest that this interaction catalyzes S4 movement and channel activation.
voltage-sensing ͉ gating charge ͉ mutant cycle ͉ sliding helix V oltage-gated ion channels conduct electrical currents that are essential for a wide range of physiological processes including neuronal excitation, action potential conduction, synaptic neurotransmission, and muscle contraction. In prokaryotes, ion channels are necessary for pH homeostasis, chemotaxis, and motility. Voltage-gated ion channels respond to changes in membrane potential by opening and closing (''gating'') their ion-conducting pathway across the cell membrane. Gating is rapid, reversible, and steeply voltage-dependent, suggesting that charged gating particles associated with the channels move across the membrane in response to the electric field (1) . Capacitative ''gating currents'' caused by these charge movements (2, 3) indicate that approximately 3-4 positive charges per voltage-sensing module move outward during gating of sodium or potassium channels (4) (5) (6) (7) (8) (9) (10) . The primary structure of sodium channels (11) revealed four homologous domains containing six predicted alpha-helical segments (S1-S6) in each. Subsequently, the positively charged S4 segment was proposed to have a transmembrane position, serve as the voltage sensor that perceives changes in membrane potential, and move outward along a spiral path during channel activation to conduct the gating current and initiate a conformational change to open the pore (12, 13) . A major thermodynamic obstacle to transmembrane movement of the S4 segment is stabilization of its positively charged amino acid residues in the membrane environment. The sliding helix model posits (12) that sequential formation of ion pairs with negatively charged amino acid residues in the S1, S2, and/or S3 segments serve to stabilize the S4 segments in the membrane and thereby catalyze their transmembrane movement. A detailed structural version of this gating model developed by using the Rosetta Membrane modeling method predicts sequential formation of specific ion pairs during gating (14, 15) , but the rapid, state-dependent formation of ion pairs predicted in this gating model has not been experimentally tested.
The conserved positively charged arginine residues (R1-R4), positioned at three-residue intervals in the S4 segments of sodium and potassium channels, and a negatively charged residue in the S2 segment contribute to gating charge transfer (4, 7, 9) . The S4 segments have been shown to move outward during voltagedependent activation in voltage clamp, covalent labeling, and fluorescence imaging experiments (16) (17) (18) (19) (20) . Interactions between the positively charged residues in the S4 segments and negatively charged residues in the S2 and S3 segments are important for cell surface expression of potassium channels (21) , suggesting that electrostatic interactions between these transmembrane segments are necessary for proper protein folding. However, it is not known whether ion pairs between amino acid residues in the S2 and S4 segments are formed on the millisecond time scale during voltagedependent gating and thereby catalyze the transmembrane movement of the S4 gating charges.
The bacterial sodium channel NaChBac of Bacillus halodurans (22) is a small, 274-residue homotetrameric channel, which is a likely ancestor of the larger (Ϸ2,000 residue) eukaryotic sodium and calcium channels that contain four covalently linked homologous domains. Despite its structural simplicity, NaChBac resembles individual domains of sodium and calcium channels having six transmembrane segments with a voltage-sensing module consisting of S1-S4 segments and a pore-forming module of S5 and S6 segments (22) . Its activation is steeply voltage-dependent, but its kinetics of activation and inactivation are slower than eukaryotic sodium channels (6, 22) . Its relatively small size and homotetrameric structure make it an ideal model for analysis of the molecular mechanisms of voltage-dependent gating.
Disulfide bond formation between substituted cysteine residues has proven to be a powerful tool to analyze the structures of intermediates in protein-folding reactions (23, 24) . Such disulfide bonds between substituted cysteine residues have been shown to lock intermediates in protein-folding pathways (23) . Here, we have adapted this method to analyze the interaction of R3 in the S4 
Results and Discussion
Disulfide Locking of the NaChBac Voltage Sensor. In NaChBac, the first four arginine gating charges of the S4 transmembrane segment are in equivalent positions to those in the voltagesensing modules in most mammalian voltage-gated ion channels (Scheme 1, residues indicated in bold). In addition, the first negative charge in the S2 segment of NaChBac (D60) is in an analogous position to negatively charged aspartate or glutamate residues or hydrophilic asparagine residues that have a partially negatively charged carbonyl group in other voltage-gated sodium and potassium channels (Scheme 1). We developed a structural model for activation of the voltage sensor of NaChBac by using the Rosetta-Membrane algorithm, and the approach we described for K V 1.2 channels (15) . The model is based on the X-ray structure of the activated state of K v 1.2 (25) , ab initio modeling of K v 1.2 in its resting and activated states (14, 15) , and extension of those methods to NaChBac. In the resting state, the first arginine gating charge (R1) of the S4 segment is predicted to interact with D60 in the S2 segment [ Fig. 1A and supporting information (SI) Text]. On activation of the voltage sensor, the model predicts that the S4 segment moves outward along a spiral pathway, and the third arginine gating charge (R3) moves into close proximity to D60 in the S2 segment in its activated state ( Fig. 1 A) . These sequential ion pair interactions are an essential feature of the sliding helix gating mechanism (12, 13) , in which they serve to stabilize and catalyze the transmembrane movement of the S4 segment.
To test this predicted interaction, we generated NaChBac cDNA constructs containing single and double cysteine substitutions for R3 in the S4 segment and D60 in the S2 segment (D60C, R3C, and D60C:R3C). Because NaChBac is a cysteineless protein, any functional effects caused by disulfide linkage can be attributed to formation of R3C:D60C disulfide bonds. We hypothesized that the two sulfhydryls of the substituted cysteines would interact on channel activation, as predicted by our model (Fig. 1 A) , form a disulfide bond, and lock the voltage sensor in a fixed position. The cDNA constructs encoding WT and mutant NaChBac channels were transfected into tsA-201 cells, and the transfected cells were analyzed by whole-cell voltage clamp recording to test for functional effects of disulfide locking. Activation of D60C:R3C channels by a single depolarization from Ϫ120 mV to 0 mV for 100 ms resulted in activation of sodium current for WT and D60C:R3C channels ( Fig. 1B Left and Center). Repolarization of WT channels resulted in a rapidly decaying tail current that reflects the rapid closure of the channels (Fig. 1B Left) . In contrast, this rapid tail current is completely lost in D60C:R3C channels (Fig. 1B Center) , indicating (B) NaChBac WT and D60C:R3C current traces elicited by depolarizations to 0 mV for 100 ms followed by return to the holding potential of Ϫ120 mV. (C) Mean normalized peak currents elicited by 0.1 Hz trains of 500-ms depolarizations to 0 mV from a holding potential of Ϫ140 mV in tsA-201 cells expressing NaChBac D60C:R3C channels (n ϭ 7). After 3 min, the pulsing was stopped for 5 min to test for channel recovery. (D) Mean normalized peak currents elicited by a 0.1 Hz train of 500-ms depolarizations to 0 mV from a holding potential of Ϫ140 mV in tsA cells transfected with Ϫ201 WT D60C, R3C, or D60C:R3C channels (n ϭ 8). After 2 min in the control saline conditions, cells were exposed to 1 mM ␤ME. (E) Current traces from indicated NaChBac constructs from the experiment described in D. Black traces are from the first depolarizing pulse of the experiment (t ϭ 0 min.). Blue traces are from the last pulse before exposure to ␤ME (t ϭ 2 min). Red traces are after 5 min of ␤ME treatment (t ϭ 7 min). (F) Scheme representing the proposed state-dependent interaction of the cysteine residues followed by slow inactivation.
that they are stabilized in the activated state. The current conducted by D60C:R3C channels decays completely but much more slowly (Fig. 1B Right) , which reflects slow inactivation of the disulfidelocked channels (see next section and Fig. 2) .
Despite the apparent prolonged activation of D60C:R3C channels, a single depolarization resulted in a total loss of I Na in subsequent depolarizations, which did not recover after 5 min at Ϫ120 mV (Fig. 1C) . In contrast, I Na for WT NaChBac and the two single mutants, R3C and D60C, were unaffected by the repetitive pulsing protocol (Fig. 1D) . Loss of I Na for the double mutant D60C:R3C, but not for the corresponding single mutants D60C and R3C, also suggests that these two substituted cysteine residues interact and form a disulfide bond during the first 500-ms depolarizing pulse and lock the voltage sensor.
To test whether the loss of I Na observed for D60C:R3C is indeed caused by disulfide bond formation, we perfused the sulfhydryl reagent ␤-mercaptoethanol (␤ME) onto cells after disulfide locking the D60C:R3C channels ( Fig. 1 D and E) . In the presence of ␤ME, I Na recovered to the initial current magnitude within 3 min. Based on these results, we conclude that the loss of I Na is caused by disulfide locking of the S4 voltage sensor in an activated conformation. Like eukaryotic sodium and calcium channels, NaChBac channels enter a slow-inactivated state after activation (22) . Therefore, disulfide locking of the voltage sensor in an activated state would cause the NaChBac channels to enter the slow-inactivated state, from which they are unable to recover on membrane repolarization to Ϫ120 mV because of disulfide locking (Fig. 1F) .
Voltage-Dependent Reversal of Disulfide Locking. Disulfide bonds in proteins have a free energy of Ϸ2-5 kcal/mol (26, 27) . The electrical free energy gained by movement of an S4 voltage sensor with three positive charges through an electrical potential of Ϫ200 mV is 13.8 kcal/mol (see SI Text for calculations of the energy and force of voltage sensor movement). Therefore, we hypothesized that a hyperpolarizing pulse to Ϫ200 mV would have sufficient energy to break the disulfide bond formed between the S2 and S4 segments and release the disulfide-locked voltage sensor. To test this hypothesis, we hyperpolarized disulfide-locked D60C:R3C channels to increasingly negative membrane potentials and then depolarized to measure the recovery of I Na . Under control conditions, hyperpolarization to potentials more negative than Ϫ150 mV caused progressive recovery of I Na (Fig. 2 A) . If this voltage-dependent reversal of disulfide-locking requires reduction of the disulfide bond between R3 and D60, the recovery of I Na should be enhanced by treatment with ␤ME. As expected, in the presence of 1 mM ␤ME, the recovery of I Na is substantially shifted to more positive membrane potentials (Fig. 2 A) . Comparison of the recovery of I Na after disulfide locking in the absence and presence of ␤ME reveals that the energy required for reversal is much less, as reflected in the positive shift of V 1/2 from Ϫ196 mV in control to Ϫ168 mV in the presence of ␤ME and by the steeper slope. These results indicate that the electrical energy required for the reversal of disulfide locking by hyperpolarization is substantially reduced by a sulfhydryl reagent that prevents formation of disulfide bonds.
We also compared the rate of recovery of I Na during hyperpolarization to Ϫ160 mV in control conditions and in the presence of ␤ME. The rate was at most slightly increased by ␤ME (control, ϭ 12 Ϯ 3 s; ␤ME, ϭ 9.5 Ϯ 1 s), but the peak sodium current was substantially larger after ␤ME treatment (Fig. 2B) . These results indicate that voltage-dependent reversal of disulfide locking is not substantially accelerated by ␤ME, but the extent of reversal of disulfide locking is increased because of re-formation of the disulfide bond is impaired by the reducing agent.
The rate of loss of NaChBac current after disulfide locking is similar to the rate of slow inactivation of NaChBac (Fig. 1) . For example, after a depolarization ϩ20 mV more positive than halfmaximal activation (Ϫ30 mV for D60C:R3C; Ϫ20 mV for WT), the time constant for the decay of the Na ϩ current of disulfide-locked D60C:R3C channels ( ϭ 90 Ϯ 8 ms; n ϭ 8) is similar to the time constant for slow inactivation of WT ( ϭ 120 Ϯ 13 ms; n ϭ 9). The small difference between these values may reflect the incomplete compensation for the more negative voltage dependence of activation of the double mutant. The similarity of these kinetics is consistent with the conclusion that loss of Na ϩ current for the disulfide-locked D60C:R3C channels reflects slow inactivation. This conclusion is also supported by recovery of Na ϩ current by hyperpolarization (Fig. 2) . Evidently, disulfide locking D60C with R3C favors slow inactivation, suggesting that this disulfide-locked conformation of the voltage sensor is effective in initiating the slow-inactivation process, and that the slow-inactivation process can proceed with the S4 voltage sensor locked in place.
Kinetics of Activation, Disulfide Locking, and Inactivation. The ability to reverse disulfide locking by hyperpolarization allowed us to design experiments to measure the kinetics of disulfide locking of D60C:R3C channels. After a prepulse to Ϫ160 mV for 5 s, we measured the onset of disulfide locking of D60C:R3C that was irreversible at Ϫ120 mV and compared it to the time course of activation and inactivation of I Na . For D60C:R3C, depolarization to Ϫ30 mV for the indicated prepulse durations caused progressive R3C currents elicited by 100-ms depolarizations to 0 mV after 5-s hyperpolarizing pulses ranging from Ϫ200 mV to Ϫ120 mV in control and in the presence of 1 mM ␤ME (n ϭ 8). Before each trial, channels were subjected to five 500-ms pulses to 0 mV to disulfide-lock and fully inactivate all voltage sensors (data not shown). (Bottom) For each cell, peak currents were normalized to the largest peak current in the presence of ␤ME. Mean normalized peak currents were replotted against the potential of the hyperpolarizing prepulse. (B) Time dependence of reversal of disulfide locking. Fully locked and inactivated D60C:R3C channels (see above) were hyperpolarized to Ϫ160 mV for the indicated times followed by a 100-ms test pulse to 0 mV in control conditions or in the presence of 1 mM ␤ME. (n ϭ 7). For each cell, peak test pulse currents were normalized to the peak current after the 32-s hyperpolarization in the presence of ␤ME. Mean normalized peak currents (ϮSEM) are plotted against prepulse duration.
disulfide locking and loss of I Na that was Ͼ90% complete by 300 ms (Fig. 3A , see examples of I Na traces in Fig. S1 ). In contrast, no loss of current was observed for WT NaChBac or the single mutants (Fig. 3A) . Therefore, the rapid loss of I Na reflects disulfide locking of the S2 and S4 segments. This rapid initial rate of loss of I Na caused by disulfide locking was similar to the rate of channel activation (Fig. 3B) . At the first three time points, there is a close quantitative correlation between the rate of activation (black curve) and the extent of disulfide locking (red points), but the two diverge as I Na inactivates (Fig. 3B) . To compare the time course of disulfide locking to the time course of activation without interference from inactivation, we estimated the time course of activation of I Na alone (blue line) by subtracting the effect of inactivation determined from a fit to a single exponential function. Comparison of the time course of disulfide locking to activation reveals nearly identical kinetics. These results indicate that disulfide locking occurs nearly immediately after activation on the millisecond time scale.
Mutant Cycle Analysis of the Voltage Dependence of Activation of
NaChBac Channels. Our results on disulfide locking indicate that R3 and D60 in NaChBac interact with each other during voltagedependent activation. To test this interaction with an independent approach, we used mutant cycle analysis (28) to assess the energy of association of these amino acid residues during activation of NaChBac channels. We measured the voltage dependence of activation of WT, single-mutant, and D60C:R3C double-mutant channels from current-voltage (I/V) relationships after a prepulse to Ϫ160 mV (Fig. 4A) . The single mutations D60C and R3C shifted the V 1/2 for activation 17 to 24 mV to more positive membrane potentials, indicating that the single mutations oppose activation of NaChBac channels (WT, V 1/2 ϭ Ϫ43 Ϯ 2 mV; D60C, V 1/2 ϭ Ϫ19 Ϯ 3 mV; R3C V 1/2 ϭ Ϫ26 Ϯ 2 mV; n ϭ 10) (Fig. 4A) . Evidently, mutation of charged amino acid residues results in channels that are more difficult to activate, similar to reports (29) (30) (31) . The increases in energy required to activate these single-mutant channels compared with WT channels are similar (⌬⌬G°ϭ 1.97 to 2.67 kcal/mol) (Fig. 4C) , consistent with the hypothesis that the same interaction is disrupted by each single mutation.
We measured activation of the double-mutant D60C:R3C channels by using the same protocol as for WT and single-mutant channels. In contrast to the positive shifts in the I/V relationships of the single-mutant channels, the paired mutations facilitate activation by negatively shifting V 1/2 by Ϫ7 mV relative to WT (D60C:R3C V 1/2 ϭ Ϫ50 Ϯ 3 mV, n ϭ 10) (Fig. 4A) . These results indicate that formation of the D60C:R3C disulfide bond stabilizes the voltage sensor in its outward, activated position and thereby enhances voltage-dependent activation, whereas disruption of normal ion pair formation between D60 and R3 in the single mutants D60C and R3C opposes activation.
To analyze the free-energy coupling between D60C and R3C quantitatively, we applied mutant cycle analysis as in previous studies of ion channels (32) (33) (34) (35) . For mutations whose effects on the energetics of gating are independent, the free-energy changes A B Fig. 3 . Time course of voltage-sensor locking. (A) Rate of prepulse-dependent inactivation of D60C:R3C channels. D60C:R3C channels were first unlocked by a 5-s prepulse to Ϫ160 mV. Cells were then depolarized for the indicated times to ϷV 1/2 ϩ 20 mV (WT, Ϫ20 mV; D60C and R3C, 0 mV; and D60C:R3C, Ϫ30 mV), returned to Ϫ120 mV for 5 s, and depolarized 100-ms test pulse to 0 mV. Peak test pulse current at 0 mV was normalized to the control with a test pulse current in the absence of a prepulse, and mean (ϮSEM) was plotted versus prepulse duration (n ϭ 6). (B) Comparison of the rates of disulfide locking and activation. Sodium current recorded during a Ϫ30 mV prepulse (black curve). The time course of activation in the absence of inactivation (blue trace) was estimated by fitting an exponential to the current decay and adding the inactivated component back to the total current. This time course of activation is compared with the rate of loss of test pulse current (red circles) from A. caused by the two single mutations will be additive; their sum will equal the free-energy change caused by the double mutation, and the coupling energy, calculated as the difference between these two values, will be zero. In contrast, if the mutated amino acid residues interact, the effects of their mutations will not be independent, and the free energy changes will not be additive, resulting in a coupling energy that is significantly Ͼ or Ͻ zero. Our mutations are clearly not independent because the two single mutations positively shift the voltage dependence of activation, whereas the double mutation negatively shifts the voltage dependence of activation. Comparison of the free energies (⌬G°) required to open the single-mutant and double-mutant channels, relative to the WT channels, gives values for ⌬⌬G°, which reflect the relative free energies for activation of the three mutants. Calculation of the coupling free energy (⌺⌬G°) from the four values for ⌬G°yields a value of 3.5 kcal/mol (Fig. 4C and Materials and Methods). This large coupling energy indicates that D60C and R3C interact with each other during gating. The coupling energy is in the range of the free energy of disulfide bond formation, consistent with our conclusion that these residues form a disulfide bond during voltage-dependent activation.
Disulfide Locking and Ion Pair Formation in the NaChBac Voltage
Sensor. The Rosetta sliding helix model of voltage-dependent gating (15) (Fig. 1 A) proposes that the four S4 gating charges of NaChBac interact sequentially with D60 in the S2 segment during voltage-dependent gating, which catalyzes the transmembrane movement of the S4 segment. Our results provide strong support for formation of an ion pair between D60 in the S2 segment and R3 in the S4 segment. Cysteine residues substituted for D60 and R3 interact with each other during voltage-dependent gating and form a disulfide bond that locks the voltage sensor in an activated position and drives the channel irreversibly into the slow-inactivated state. The rate and voltage dependence of disulfide locking closely follows the rate and voltage dependence of channel activation. Disulfide locking is reversed by strong hyperpolarization and treatment with ␤ME. The state dependence of disulfide locking and the close correlation with the kinetics and voltage dependence of channel activation indicate that R3 moves into close contact with D60 during the activation process and forms a disulfide bond almost immediately.
Disulfide bond formation between substituted cysteine residues is a well established method of analysis of the intermediates in protein folding (23, 24) . Because the reactive sulfhydryls must approach within 2 Å at the time of formation a disulfide bond, this is a high-resolution method of analysis of intraprotein interactions. The main caveat for this method of structurefunction analysis is the possibility that disulfide bond formation may stabilize a rare conformation of the protein of interest. This is a major concern when disulfide bond formation is slow, allowing conformational states that are only occasionally visited to become disulfide locked in place. Our results exclude this possibility because we find that disulfide locking takes place within milliseconds of activation. Therefore, these results provide strong support for the formation of an ion pair between D60 and R3 during normal NaChBac gating.
These conclusions from disulfide-locking experiments were confirmed by mutant cycle analysis. By analysis of WT, single-mutant, and double-mutant channels, we found that D60C and R3C interact with each with a coupling energy of 3.5 kcal/mol, within the range of known disulfide bonds in proteins. These results provide additional support for interaction of D60 with R3 during NaChBac gating and confirm that the disulfide locking of substituted cysteine residues gives an accurate picture of the interactions between these two residues during activation.
Ion Pair Formation in Real Time During Voltage Sensor Activation.
A primary question about voltage sensor function is: What chemical interactions allow the highly charged S4 segment to move across the membrane? Formation of ion pairs between gating-charge-carrying arginine residues and negatively charged amino acid residues in neighboring transmembrane segments is an essential feature of the sliding helix model of voltage dependent gating (12, 13) , in which sequential charge-charge interactions serve to stabilize the S4 segment in the membrane environment and catalyze its transmembrane movement. Our results provide experimental evidence for ion pair formation in real time during activation of a voltage sensor and therefore are consistent with this mechanism.
Alternative gating models are also compatible with our results and can incorporate ion pair formation as part of the mechanism for the catalysis of movement of the S4 segment. The ''paddle'' gating mechanism envisions a sweeping paddle-like motion of the S3-S4 helical hairpin (the gating paddle) across the phospholipid bilayer from a position lying nearly horizontal along the inner surface of the membrane to a transmembrane position (36) . Phospholipid head groups are proposed to provide stabilizing interactions for this movement of the gating charges (37), but it would also be possible for ion pair interactions between S2 and S4 segments to form as a result of this paddle motion and contribute to catalyzing the outward movement of the voltage sensor. The ''transporter'' model of gating posits that the transmembrane movement of the S4 segment is small, whereas the surrounding S1, S2, and S3 segment rearrange to change the accessibility of the gating charges from internal to external (38) . The Rosetta-Membrane structural version of the sliding helix model also incorporates this feature in that the outward spiral movement of the S4 helical segment is accompanied by a counter-rotation of the S1 through S3 helical segments (14, 15) . Although the transporter model of gating does not include ion pair interactions between the R3 gating charge and the negatively charged residues in the S2 segment, the movement of the voltage sensor postulated in this model could also include formation of an ion pair interaction in an intermediate state or in the final open state. Thus, although our experimental approach was developed with reference to the sliding-helix gating model, ion pair formation during activation of the voltage sensor is a model-independent mechanism that may contribute to the stabilization of the S4 segment in the transmembrane environment and catalysis of its outward movement in any of the current models of voltage sensor function. Ion pair formation during activation, as demonstrated here, is therefore a crucial element that must be included in the mechanism of voltage sensing and gating of ion channels.
Materials and Methods
Electrophysiology. Whole-cell voltage-clamp experiments were performed at 22°C on transiently transfected tsA-201 cells as described (39) . Cells were seeded onto glass coverslips and placed in a perfusion chamber for experiments where reducing agents were used. Otherwise, all other experiments were recorded from cells seeded in tissue culture dishes. The extracellular solution contained (in mM) NaCl (150), CaCl2 (1.5), MgCl2 (1), KCl (2), glucose (10) , and Hepes (10) (pH 7.4), and the intracellular (pipette) solution contained (in mM) CsF (105), EGTA (10), NaCl (35), Mg-ATP (4), and Hepes (10) (pH 7.5). ␤ME was added to the extracellular solution to a final concentration of 1 mM within 1 h of use. For experiments using ␤ME, cells were continuously perfused with extracellular solution (1-2 ml/min). The steady-state effect for reversal of disulfide locked D60C:R3C channels was achieved after 3-5 min of ␤ME exposure and was monitored by INa ϩ recovery during 500-ms pulses to 0 mV at 0.1 Hz from a holding potential of Ϫ140 mV. In experiments where D60C:R3C channels were tested, residual linear leak and capacitance were subtracted offline in IGOR 6.00 (Wavemetrics) by measuring leak and capacitive current from disulfide-locked/inactivated channel pulses and integrating to the test pulse. Data were analyzed using Igor Pro 6.00. The voltage dependence of activation was characterized by using fits of (VϪVRev)/{1ϩexp[(VϪV1/2)/k]} to current-voltage relationships, where VRev is the extrapolated reversal potential, V1/2 is the half-activation voltage, and k is a slope factor equal to RT/ZF; Z is the apparent gating charge and F is Faraday's number. Half-inactivation voltages were derived from fits of a Boltzmann function, 1/[1ϩexp(VϪV1/2)/k], to steady-state inactivation curves. Double exponential decay of inactivating currents were fit with the following equation: C ϩ A 1(e Ϫt/1 ) ϩ A2(e Ϫt/2 ) where 1 and 2 were the time constants of each exponential component, A1 and A2 are their respective amplitudes, and C was the baseline.
Thermodynamic Mutant Cycle Analysis. The parameter Z was determined from fits to current-voltage relationships as described above. The amount of free energy required to shift the channel from the open to closed state was calculated as ⌬G°O 3 C (kcal/mol) ϭ Ϫ23.06ZFV 1 ⁄2, where F is Faraday's number and V 1/2 is the half-activation voltage. The perturbation in free energy of the mutant channel relative to the WT was calculated as ⌬⌬G°ϭ ⌬(ZFV 1 ⁄2) ϭ ϪF(Z mutV1/2mut Ϫ ZwtV1/2wt). Coupling of nonadditive free energy was calculated as ⌺⌬G°c oupled ϭ [(⌬G°D60C Ϫ ⌬G°wt) Ϫ (⌬G°D60C:R3C Ϫ ⌬G°R3C)] (35).
